ABSTRACT: When using appropriate inflation pressures and load capacity (ballast), it may obtain a higher yield and prolongation of the life of the tire, besides it may minimize the problems of loss of traction, increased slippage and fuel consumption. This study aimed to evaluate the fuel consumption of a tractor operating with new and worn tires in three conditions of ballasting and three inflation pressures, when driving on compacted soil with vegetation cover. The experiment was conducted at the experimental unit from the Department of Animal Science, Federal University of Lavras, state of Minas Gerais, Brazil, in an agricultural soil compacted by cattle trampling and with vegetation cover. It was used a tractor 4x2 with front wheel assist, of a 65.62 kW engine power. The tires were of R1 type, diagonal (front: 12.4 to 24; and rear: 18.4 to 30), the average height of the clutches of the new tires were 0.3 and 0.35 m for front and rear tires, respectively, and for the worn tires were 0.018 and 0.0045 m, for the front and the rear tires, respectively. The results showed advantages for the tractor equipped with new tires.
INTRODUCTION
The fuel consumption for agricultural tractors is the factor that sensitizes the farmer in order to search for information about maintenance and optimization of the tractor use. According to SALVADOR et al. (2009) , the soil surface and the operations to be performed interfere with the fuel consumption of a tractor. Regardless of soil type and activity to be performed, it should always be aware of the characteristics of the tires, because the wheels of the tractor has the function of providing support, sustentation, guidance and self-locomotion, and are responsible for generating tractive effort (MIALHE, 1996) . Among the different characteristics of the tires that affect the tractor operational performance are the type of tire, inflation pressure and ballasting. The adequacy of these tires characteristics influence the tire-soil interaction for the various agricultural operations, providing greater traction efficiency (MAZETTO et al., 2005) .
Comparing new and worn tires, FRANZ (1988) found lower values of specific fuel consumption when new tires were used, with greater height of the clutch. MIRANDA et al. (2000) reported that the use of new tires provides an economy of 2.2 L (6.9%) in fuel consumption per hectare. While JESUINO (2007) found values of 8.45% and 12.73% lower for hourly consumption of fuel on track with vegetation and in a firm soil track, respectively, when diagonal worn tires were used. LOPES et al. (2003) evaluated the fuel consumption of a tractor, 4x2 with front wheel assist, varying the type of tire (radial, diagonal and low pressure), combining two conditions of tractor ballasting (with and without water in the tires) and four displacement speeds. They concluded that the ballasting with water (75% of the tire volume) showed lower specific fuel consumption, and this tended to raise with the increase of tractor speed, regardless of whether the tire have ballast or not.
The hourly and specific fuel consumption did not change significantly when the three conditions of liquid ballast of diagonal tires (0% of water, 37% of water, and 75% of water) were used by MONTEIRO et al. (2009) in a soil track with vegetation cover. When performing operation of harrowing in a mobilized soil, SERRANO et al. (2003) describes that the use of tires without liquid ballast and with additional ballasts on the front of the tractor caused an 11% reduction in fuel consumption per hectare, compared to the use of tires filled with 75% of its volume with water and the presence of additional ballasts on the front.
According to CHARLES (1984) and BASHFORD et al. (1993,) the lower the inflation pressure the greater the force on the drawbar. SERRANO (2008) describes the use of high tire inflation pressure leads to a reduction of approximately 3 to 5% in working capacity and a significant increase between 10 and 25% of fuel consumption per hectare, even in a good tire grip, reflected in the range of 7 to 15% of slippage.
Thus, this study aimed to evaluate the fuel consumption of a tractor with auxiliary front traction, while working on a compacted soil with vegetation cover, taking into account factors of the tread band wear, inflation pressure and ballasting.
MATERIALS AND METHODS
The research was developed at the Federal University of Lavras / UFLA in the city of Lavras, state of Minas Gerais, Brazil. The geographic location of the experimental area was defined by the coordinates 21°13'50'' south latitude and 44°57'52'' west longitude, of 917 m altitude. To the particle size characterization of the soil 54 samples were collected at a depth of 0.30 m. It was used a digital penetrometer to characterize the mechanical resistance to penetration when the measures were observed up to 0.15 m deep. The soil water content was obtained through samples on the layer from 0 to 0.15 mm, which remained in an oven with forced air at a temperature of 105 °C for a period of 24 hours. The quantification of the plant dry matter present on the ground was possible by collecting 9 samples from a square meter of vegetation, which was dried at 75 °C until reaching constant weight.
The area in which the experiment was conducted was initially explored for six years with the conventional cultivation of maize. After that, it was implanted Brachiaria pasture that had remained for eight more years with average density of two animal units per hectare, with a surface condition of firm agricultural soil without preparation and with vegetation cover, which has been grazed before the experiment.
The experiment was conducted in 54 randomized plots with 2x3x3 factorial design (two levels of wear, three levels of inflation pressure and 3 levels of ballast), totaling 18 treatments and 3 repetitions. The two sets of tires used were diagonals, regarded as one new and one worn, and the new tires had an average height from the clutches of 0.3 and 0.35 m, and the worn tires of 0.0045 and 0.018 m for the front and rear tires, respectively. Table 1 shows the three levels of inflation pressure, and Table 2 the three levels of ballast applied to the tires during the field experiment. Each plot occupied an area of 90 m² (30 x 3 m) and, between plots, in the longitudinal direction, there was an interval of 15 m to perform maneuvers and transit machinery. The test tires were mounted on a tractor, Valtra brand, model BL 88, 4X2 auxiliary front traction (AFT) of 65.62 kW (88 HP) engine rated power, total weight with ballast of 45.24 kN (4613 kgf), distributed in 38% on the front axle and 62% on the rear axle. The driving tractor worked in second gear at a reduced speed of 1750 rpm on the engine, with auxiliary front traction activated. To obtain the tractive force in the drawbar and slippage, it was used a tractor brake, Massey Ferguson brand, model 290, with a total weight of 39.06 kN (3983 kgf), which worked in reduced second gear of 1,750 rpm on the engine.
The new tires used on the rear axle were Goodyear 18.4-30R1, on the front axle Fate 12.4-24R1 tires. As for the set of worn tires, on the rear axle it was used Pirelli 18.4-30R1 tires, and Firestone 12.4-24R1 tires on the front axle.
Quantification of force in the drawbar was possible with the help of a load cell of Kyowa brand, LOAD CELL model, Series No CA 3125, which was positioned between the drawbar of the driving tractor and on the front part of the tractor brake. The load cell was connected to a signal conditioner (Spider), which was connected to a portable microcomputer, responsible for storing and processing of generated data. The data collected in mV were converted to kN, using a calibration curve according to eq.(1), resulting from the load cell calibration using a universal testing machine.
In which: F -force in kN; L -values in mV obtained with the signal conditioner.
The power at the drawbar was calculated according to the force exerted on the bar and the displacement speed of the tractor, according to the following equation:
In which: Pb = Power at the drawbar (kW); Ft = Force at the drawbar (kN); v = displacement speed of the driving tractor (m s -1 ).
In order to characterize the fuel used, an analysis was conducted in the Chemistry laboratory, Varginha Faculty of Engineering, in the city of Varginha, state of Minas Gerais, which resulted in a density of 0.859 g L -1 at a temperature of 20 °C.
Fuel consumption was measured by means of an Oval M-III electromechanical flowmeter through electrical pulses that were converted into ml sec -1 by the digital flowmeter. The flowmeter was installed between the tank and the fuel injection pump. The nozzles, filters, feeding pump and injector pump returns were diverted from not to return fuel to the tank and prevent the fuel passage twice by the electromechanical flowmeter. The display of the flowmeter was programmed to record the pulse every 0.3 seconds. Data were filmed and later with the help of an Excel spreadsheet, were converted to liters per hour, depending on the consumption recorded by the flowmeter, the density of diesel fuel, according to eq.(3). And to express the fuel consumption per unit of drawbar power, the eq.(4) was used. 
In which: Ch -mean hourly fuel consumption, L h -1 ; C -mean fuel consumption registered on the plots, mg s -1 ; Δ -density of diesel oil, mg L -1 ; Cec -specific consumption, g kW h -1 ; ρ -density of the consumption depending on the temperature, g L -1 ; Pb -power at the drawbar, kW.
The values obtained were subjected to analysis of variance, and means were compared by Tukey test at 5% probability.
RESULTS AND DISCUSSION
According to the Department of Soil of the UFLA, the results of particle size analysis in the layer from 0 to 0.3 m had average values of 0.16, 0.18 and 0.66 kg kg -1 for sand, silt and clay, respectively. The average penetration resistance in the area, to a depth of 0.15 m, was 2092.6 kPa, with a soil of average moisture of 25.69% and 14.97 t ha -1 of plant dry matter at the time of the tests. According to GABRIEL FILHO et al. (2010) , the variation of temperature and density of fuel during the tests with tractors is less than 0.2%, and thus the density was considered constant in the trial.
In Table 3 , it was found significant differences between the factors tire, ballast, and pressure, with regard to hourly and specific fuel consumption. It was also noted that the use of worn tires resulted in a lower hourly fuel consumption of the tractor in relation to the use of new tires. This occurred because the use of new tire on the tractor has generated a greater development of force at the drawbar, which led to greater slippage and consequent increase in the volumetric consumption of fuel. According to GABRIEL FILHO et al. (2010) tires with lower clutches adhere better to firm soil, which contributes to the reduction of slippage. The increase in strength and power at the drawbar, when new tires were used, reflected in lower specific fuel consumption. For each factor, means followed by the same lower-case letter in the column do not differ by the Tukey test, at 5% of probability, and means not followed by any letter imply an interaction between factors ns -Non-significant (p > 0,05); * -Significant (p < 0,05); ** -Significant (p < 0,01); C.V.
-Coefficient of variation
To further elucidate the results of fuel consumption, it was necessary to unfold the interactions tire, pressure and ballast, according to the data analysis of variance presented in Table  3 .
In Table 4 , it is observed that the use of new tires with a pressure of 180 and 165 kPa in the front and rear tires, respectively, resulted in lower hourly fuel consumption to the tractor when compared to other treatments, and this was the only level of pressure which presented significant difference in volumetric fuel consumption, considering the use of each tire individually. Means followed by the same lower-case letter in the column, and means followed by the same capital letter in the row do not differ by the Tukey test, at 5% of probability.
When the two tires were compared, it is observed that the tractor had a higher hourly fuel consumption when the new tires were used with lower pressure. While with higher levels of pressure (P1), the hourly fuel consumption of the tractor equipped with worn tires was higher than the use of new tires. Treatment P1 was the only one in which the tractor with worn tires had a higher slippage than when comparing with the use of new tires, which may explain the higher fuel consumption. According to SILVEIRA (1988) , the increase of inflation pressure causes the increase in slippage rates and consequent increase in fuel consumption.
Considering the behavior of each individual tire, the tractor with new tires had higher volumetric fuel consumption when the lowest ballasting (L3) was used, while the tractor with worn tires presented lower volumetric fuel consumption in this condition of ballasting, as observed in Table 5 . Note also that there was no significant difference between the use of the two tires in relation to the hourly fuel consumption in relation to the variation of ballasting, except the lowest index of ballasting (L3), being the tractor without metallic ballasts or water ballast, indicating an unfavorable increase in consumption of 5.78%, being the tractor equipped with new tires. This fact may be explained, because reducing the ballasting when new tires were used, led to significantly higher rates of slippage, also increasing the hourly fuel consumption, confirming the results obtained by CORRÊA (1993). Means followed by the same lower-case letter in the column, and means followed by the same capital letter in the row do not differ by the Tukey test, at 5% of probability.
Through the analysis of Figure 1 , can be observed the highest hourly fuel consumption when new tires were used, and that the variation between the data is small. When analyzed only the data of the new tires, it is observed that the treatments B1T1 and B2T1 were the only ones that differed from the others, with lower hourly fuel consumption.
The technical way of expressing fuel consumption is through the unit of mass per unit of power (g kWh -1 ), known as specific fuel consumption. This technical form can be used to compare engines, tractors and equipments of different sizes and shapes (LOPES et al., 2003) . In Table 6 , it can be observed that, at different levels of inflation pressure used in new tires, the tractor does not present variation of specific fuel consumption, as opposed to the use of worn tires, which showed variation for all indexes, where fuel consumption was lower, the higher the inflation pressure. This fact can be explained, because higher rates of pressure resulted in higher values of power at the drawbar and, as the specific fuel consumption is a relation between volume consumption and power at the drawbar, the greater the power development in the drawbar, the lower the specific fuel consumption. Means followed by the same lower-case letter in the column, and means followed by the same capital letter in the row do not differ by the Tukey test, at 5% of probability.
According to the data in Table 7 , it is observed that the tractor equipped with no metallic or water ballasts, with new tires, had a higher specific fuel consumption. The tractor in the same conditions, but with worn tires had a mean specific consumption of 651.84 g kWh -1 , showing an increase of 14.97% in specific fuel consumption in relation to the use of the tractor with metallic and water ballasts. This result is in agreement with those found by LOPES et al. (2003) . These authors concluded that the ballast with water (75% of the tire) offered to the tractor lower specific fuel consumption in comparison to the use of tires without water. While MONTEIRO et al. (2011) , when working with a tractor equipped with diagonal tires, both on track with vegetation cover or firm surface track, pointed out that regardless of the amount of ballasts used in the tractor, there was not a significant variation in specific fuel consumption. Means followed by the same lower-case letter in the column, and means followed by the same capital letter in the row do not differ by the Tukey test, at 5% of probability.
The specific fuel consumption of the tractor was greater with the use of worn tires, when the two types of tires are compared (Figure 2 ). This result corroborates with those found by FRANZ (1988) and MIRANDA et al. (2000) , excepting only those cases where the highest rates of ballasting and pressure (B1T1) are used. It should be noted also that in Figure 2 , the lowest specific fuel consumption was 423.35 g kWh -1 and occurred in the treatment (B1T2), with the ballasted tractor, tires with water occupying 75% of its volume, and internal pressure of 138 and 125 kPa in the front and rear tires, respectively. In the same treatment, the highest values occurred in the power at the drawbar, which corroborates the results reported by FRANZ (1988) , who found minimum specific fuel consumption values, in which maximum power at the drawbar values were obtained. It is observed that the highest specific fuel consumption was 838.06 g kWh -1 and occurred in the treatment B3T3, while the tractor was without ballast, with 110 and 83 kPa of internal pressure in the worn front and rear tires, respectively. By analyzing the inflation pressure of worn tires on different levels of ballasting, it is noted that the use of higher pressure (T1) did not cause significant variation in specific fuel consumption of the tractor for the different levels of ballasting, which was similar to what occurred with the use of new tires. The use of lower pressure (T3), while the tractor was without ballasts and without water in the tires, causes approximately a 37% increase in specific fuel consumption in relation to the use of tires with metallic and water ballast.
CONCLUSIONS
Lower levels of inflation pressure caused to the tractor an increased specific fuel consumption when worn tires were used. While higher rates of ballasting provided better traction conditions and lower specific fuel consumption when new tires were used. When comparing the use of new and worn tires, in all combinations of inflation pressure and ballasting tested, except the condition of higher inflation pressure and ballasting, the new tires provided better specific fuel consumption of the tractor which worked in a compacted soil with vegetation cover. 
